Abstract-GaAs bipolar transistors and ring-oscillators were fabricated by ion implantation into VPE structures. The transistor and circuit performance was tested between 25°C and 400°C. Leakage currents determine the useful temperature range. Present GaAs circuits fail at approximately 390°C due to the metallization technology.
I. INTRODUCTION
A GROWING NEED is developing for monolithic semiconductor circuits for high-temperature environments. Si devices have been reported to operate up to 3000 C [1] , [2] .
Because the upper operating temperature of a bipolar device is determined by the bandgap of the semiconductor material, GaAs (1.43 eV) has a theoretical advantage over silicon (1.12 eV) . Based on bandgap considerations exclusively, GaAs could be expected to be useful up to 4500 C; in fact, transistors have been operated at this temperature [3] . by boron implantation (requires less area than junction isolation), and higher operating temperature than silicon devices. The bipolar technology would permit the application of established Si bipolar circuit concepts and models with only minor modifications. Some disadvantages of GaAs, namely the low-hole mobility and the comparatively low maximumdonor concentration will remain with us. The possibility of modifying the bandgap by using GaAlAs, e.g., for wide bandgap emitters, and of incorporating optoelectronic principles makes this technology particularly exciting. The main difference between the situation a decade ago and today is that ion implantation offers the reproducible production of p-n junctions, avoiding the damaging high-temperature diffusions.
Originally, our present program was designed to study the feasibility of a GaAs bipolar IC technology but not specifically the high-temperature aspects. Results obtained with a 15-stage ring-oscillator were reported recently [5] . It will be apparent that specific modifications will have to be incorporated to extend performance and reliability to higher temperatures, such as the replacement of the alloyed gold contacts. This 0018-9421/82/0500-0136$00.75 © 1982 IEEE 136 paper will discuss the fabrication and high-temperature performnance of discrete bipolar transistors and of a 15-stage ring-oscillator.
II. DEVICE FABRICATION
The fabrication of GaAs bipolar transistors by ion implantation into bulk GaAs has been reported previously [6] . The fabrication of the ring-oscillator requires an epitaxial n/n+ structure. The starting GaAs substrates, purchased from commercial suppliers, come from Bridgman-grown single crystals. The AsC13-Ga-H2 vapor phase epitaxial process is employed to deposit two layers: first, an approximately 3-p-thick layer with a donor concentration of approximately 8 X 1017 cm 3, followed by an undoped layer, approximately 1-p thick. The VPE technology, as applied to microwave devices in our laboratory, has previously been described in the literature [7] .
(See also other references given in [7] .)
The cross section of a bipolar IC structure is shown in Fig.  1 . The npn transistor operates in the "up" mode: the n+-epitaxial layer acts as emitter, and the surface n-layer is the collector. Also shown is the load resistor. The first fabricated structures differ from Fig. 1 in one respect: they have only one alloyed collector contact on the n-type surface layer.
The formation of the p-type base, the n-type collector, and the isolating regions employ ion implantation. The details of the donor implantation are drawn from extensive experience with GaAs FET's [8] . The base layer is formed by a deep implant of Be, which is known to have high activation at low anneal temperatures [9] , [10] . Preservation of the GaAs surface morphology during the high-temperature annealing step is achieved by the proximity annealing technique [8], [11] . The sequence of fabrication steps for the bipolar structure is as follows: 1) Shallow Se implant (1 X 1013 cm-2, 150 keV plus 2 X 1013 cm-2, 360 keV at 3500 C); 2) anneal at 850°C for 30 min; 3) deep Be implant (6 X 1012 cm72, 180 keV) to form the base layer; 4) anneal at 8000C, 30 min; 5) localized Be implants to form the p+ contact regions (1 X 1014 cm-2 at 40 keV plus 1.5 X 1014 cm-2 at 80 keV); 6) anneal at 700°C, 30 min; 7) localized boron implant to form the isolation region (2 X 1012, 4 X 1012, 6 X 1012 cm-2 at 50, 140, and 320 keV, respectively).
Si3N4 serves as implant mask and for device passivation. Contacts are alloyed Au-Ge-Ni for the n-type material and alloyed Au-Zn for the p-type base. Ti-Au is used for interconnections. Stripes of GaAs, whose width is adjusted by a boron implant, serve as load resistor.
The doping profile of the complete structure is presented in Fig. 2 . The ion-implanted profiles are calculated according to the LSS-theory, modified by experimentally observed activations. The transition from the ne epilayer to the surface n-layer was established by C-V profiling.
III. DEVICE PERFORMANCE A 15-stage ring oscillator was tested in the temperature range of 250C-3900C. Fig. 3 shows a micrograph of the circuit after this test. The circuit was mounted in a ceramic IC package and placed in an oven. The package was not sealed, i.e., the GaAs device was exposed to hot air during the test.
The bias voltage was 1.75 V, resulting in a total input current of 5 mA at 250C, increasing to 7 mA at 3850C. Fig. 3 . This was probably caused by a realloying of the Au contacts, and a subsequent break in the metallization on the via hole sidewalls. A discrete bipolar transistor on this same chip was subsequently characterized in detail. The transistor characteristics were measured both for "down" mode (surface layer as emitter) and the "up" mode (surface as collector, corresponding to the mode in the ring-oscillator). Furthermore, the leakage currents of the emitter diode, the collector diode, and ICEO were determined between 250 C and 4000 C. tion leakage currents. Fig. 6 
